Background: The role of PPARD was examined in the testes because this receptor can regulate cell differentiation and proliferation. Results: PPARD temporally represses ERK-dependent cell cycle signaling and increases tight junction proteins in Sertoli cells. Conclusion: PPARD is essential for maturation of Sertoli cells to prevent testicular degeneration. Significance: PPARD modulates Sertoli cell function and spermatogenesis.
tight junctions in Sertoli cells, thus confirming a requirement for PPARD in accurate Sertoli cell function. Combined, these results reveal for the first time that PPARD regulates spermatogenesis by modulating the function of Sertoli cells during early testis development.
Spermatogenesis is a finely tuned process by which spermatogonial stem cells develop into mature spermatozoa. During spermatogenesis, different types of germ cells develop synchronously within the seminiferous tubule. Spermatogenesis is highly conserved among species and involves cell proliferation, differentiation, maintenance of a reserved germ cell population, and meiotic recombination (1) . The molecular regulation of spermatogenesis is mediated by transcriptional, translational, and post-translational mechanisms (2, 3) .
Peroxisome proliferator-activated receptors (PPARs 3 : PPARA, PPARD (also referred to as PPAR␤, PPAR␦, PPAR␤/␦, or NUC1), and PPARG) are ligand-activated transcription factors that control a variety of biological processes in dynamic fashion (4) . Previous studies showed that all three PPARs are expressed in both somatic and spermatogenic cells in the testis (5-7). However, whether PPARs have an important role in testis development is still unclear. Indeed, the physiological role of only PPARA has been critically examined to date in response to testicular toxicants (8) .
Although Ppard Ϫ/Ϫ mice are viable and fertile, a previous study showed that they have an average litter size that is considerably smaller as compared with Ppard ϩ/ϩ mice (9) . The difference in litter size could be due to alterations in spermato-genesis, which has not been critically examined to date. Thus, the hypothesis that PPARD modulates testis development by directly influencing germ cell maturation or indirectly affecting the function of Sertoli cells and Leydig cells, limiting their supportive capacity to germ cell development, was examined in the present study.
Experimental Procedures
Mice-Wild-type (Ppard ϩ/ϩ ) and Ppard-null (Ppard Ϫ/Ϫ ) mice (9) on a C57BL/6 genetic background were housed in a vivarium as described previously (10) .
Mouse Sertoli Cell Line-The mouse Sertoli cell line TM4 was purchased from American Type Culture Collection (Manassas, VA). The TM4 mouse Sertoli cell line used was derived from mice aged 11-13 days, which closely models the developmental time frame examined in these studies. The TM4 mouse Sertoli cell line also allowed for complementary experiments to demonstrate the essential role of PPARD in the Sertoli cell in the regulation of proteins linked previously with proliferation and tight junctions in spermatogenesis by knockdown and/or overexpression of PPARD. Cells were cultured in a mixture of Dulbecco's modified Eagle's medium (DMEM) and Ham's F-12 (DMEM/F-12, 1:1) supplemented with 5% horse serum, 2.5% fetal bovine serum, and 1% penicillin-streptomycin (Invitrogen) at 37°C with 5% carbon dioxide. Cells were treated with or without GW0742 (a specific PPARD agonist (11) ), DG172 (a specific PPARD inverse agonist (12) ), or PD98059 (a mitogen-activated protein kinase/extracellular signal-regulated kinase kinase (MEK) inhibitor). GW0742 was kindly provided by Drs. Andrew Billin and Timothy Willson (GlaxoSmithKline), and PD98059 was purchased (Cell Signaling Technology, Danvers, MA).
Testicular Histopathology and Physiological Characterization of the Testis-Six breeding pairs of male and female Ppard ϩ/ϩ or Ppard Ϫ/Ϫ mice (6 -8 weeks of age) were examined over a 10-month period. A total of 16 or 15 litters from Ppard ϩ/ϩ or Ppard Ϫ/Ϫ mice, respectively, were assessed. On PND7, PND14, PND21, PND28, and PND56, male Ppard ϩ/ϩ and Ppard Ϫ/Ϫ mice were weighed and then euthanized. The testes were rapidly removed, weighed, and either frozen in liquid nitrogen and stored at Ϫ80°C for protein analyses or fixed overnight in Bouin's solution (Polysciences, Inc., Warrington, PA) for histological analysis. Bouin's solution-fixed testes were then washed in 70% ethanol, Li 2 CO 3 -saturated solution and embedded in paraffin. Histological changes in cross-sections (5 m) of paraffin-embedded testes were evaluated using periodic acid-Schiff-hematoxylin staining (13) . The stage of seminiferous epithelium was determined based upon the composition of various types of germ cells. The average tubule diameter and the percentage of interstitial space were measured by ImageJ software (version 1.47c). The volume density of seminiferous tubule was calculated as described previously (14) ; however, atrophic testes were not included. Only round seminiferous tubules were counted. Photomicrographs were obtained as described previously (10) . The testicular spermatid head counts were obtained in non-atrophic testes as previously described by others (15) . Representative photomicrographs of spermatids were obtained using light microscopy. For evaluating testicular parameters and histopathological analysis, 10 mice in each age group per genotype and three testicular sections per mouse were analyzed. The litter was the unit used for statistical analysis.
Immunohistochemistry-Expression of SOX9, p27, PCNA, claudin-11 (Santa Cruz Biotechnology, Santa Cruz, CA), cyclin D1, cyclin D2, ERK, and phospho-ERK (p-ERK (Cell Signaling Technology) in the seminiferous tubule was determined by immunohistochemistry as described previously (10) . Two testicular cross-sections per mouse and five mice in each age group per genotype were analyzed. 3,3Ј-Diaminobenzidinepositive cells were counted in 20 randomly chosen round seminiferous tubules in each testicular section. The relative intensity was determined using ImageJ software (version 1.47c) as described previously (10) .
Immunofluorescence-Expression of PCNA, SOX9, or claudin-11 in the seminiferous epithelium was determined by immunofluorescence staining. Cross-sections (5 m) of paraffin-embedded non-atrophic testes were deparaffinized, rehydrated, and heated in a 10 mM sodium citrate solution for antigen retrieval. Sections were incubated in 10% blocking serum followed by overnight incubation with primary antibodies at 4°C. Sections were then incubated with Alexa Fluor-conjugated secondary antibodies (PCNA, Alexa Fluor 647; SOX9, Alexa Fluor 488; claudin-11, Alexa Fluor 488; Invitrogen) for 1 h and mounted with Vectashield mounting medium containing propidium iodide (Vector Labs, Burlingame, CA). Fluorescence signals were detected using excitation/emission wavelengths of 499/519 or 652/668 nm. All sections were imaged using laser-scanning confocal microscopy as described previously (16) .
Quantification of Sertoli and Germ Cells-Sertoli cells in Ppard
ϩ/ϩ and Ppard Ϫ/Ϫ mouse testes were detected by assessing immunohistochemical expression of SOX9 because this protein is expressed exclusively in the nuclei of Sertoli cells in the seminiferous tubules (17) . The average number of germ cells was determined by quantifying the number of hematoxylin-positive cells using ImageJ software (version 1.47c). The number of Sertoli cells per testis was determined as described previously (14) . Twenty round seminiferous tubules in testicular cross-sections per mouse and five mouse testes in each age group per genotype were analyzed.
Western Blot Analysis-Quantitative Western blot analysis using radioactive detection techniques was performed as described previously (18) . The relative expression level of each protein was normalized to the value of actin. A minimum of three mice per group were analyzed.
Cell Proliferation Assay-The xCELLigence system (ACEA Biosciences, Inc., San Diego, CA) was used for determining the changes in real time cell proliferation in response to activation of PPARD with an agonist (GW0742) or an inverse agonist (DG172) or the effect of inhibiting ERK signaling in TM4 cells as described previously (18) .
Transient Overexpression of Mouse PPARD in TM4 Cells-TM4 cells (5 ϫ 10 5 ) were seeded in 6-well culture plates and transiently transfected with 10 g of a pSG5-Ppard plasmid using Lipofectamine LTX reagent (Invitrogen) following the manufacturer's recommended procedures. Twenty-four hours after transfection, the cells were treated with or without GW0742 or PD98059 for another 24 h. Quantitative Western blot analysis was performed as described above.
siRNA Knockdown of Mouse PPARD in TM4 Cells-TM4 cells (5 ϫ 10 5 ) were seeded in 6-well culture plates and transiently transfected with 5 M non-targeting scrambled siRNA or mouse Ppard siRNA (Thermo Scientific, Waltham, MA) for 48 h as described previously (19) . Quantitative Western blot analysis was performed as described above.
Immunocytochemistry of TM4 Cells-TM4 cells (1 ϫ 10 4 ) were seeded in 4-well chamber slides (Thermo Scientific) for 24 h to allow cells to attach. The first set of cells was treated with either GW0742 or DG172 for 24 h. A second set of TM4 cells was transiently transfected with a pSG5-Ppard plasmid for 24 h to overexpress PPARD. A third set of TM4 cells was transiently transfected with mouse Ppard siRNA for 48 h. After these three treatments, the TM4 cells were then fixed with 4% formaldehyde, incubated with primary antibody against claudin-11 (Santa Cruz Biotechnology) followed by incubation with Alexa Fluor 488-conjugated secondary antibody, and mounted in Vectashield mounting medium containing 4,6-diamidino-2-phenylindole (DAPI; Vector Labs). Fluorescent signals were detected using excitation/emission wavelengths of 345/455 or 499/519 nm. All sections were imaged using laser-scanning confocal microscopy as described previously (16) .
Serum Concentration of Follicle-stimulating Hormone (FSH),
Inhibin B, and Testosterone-For FSH and inhibin B, serum was obtained from male Ppard ϩ/ϩ and Ppard Ϫ/Ϫ mice on PND28 (n ϭ 5) and PND56 (n ϭ 5). Serum concentrations of FSH and inhibin B were measured by using a mouse FSH ELISA kit (TSZ ELISA, Waltham, MA) and an inhibin B enzyme immunoassay kit (Sigma-Aldrich) using the manufacturers' recommended instructions, respectively. For serum testosterone, serum was collected at 1-2 p.m. to avoid circadian fluctuation (20) from male Ppard ϩ/ϩ and Ppard Ϫ/Ϫ mice at peripubertal age (ϳ4 weeks old; n ϭ 4; housed in one cage) and at adult age (ϳ15 weeks old; n ϭ 10; housed in two cages). The serum concentration of testosterone was measured using a testosterone ELISA kit (Abcam, Cambridge, MA) following the manufacturer's recommended instructions.
Statistical Analysis-The data were subjected to either Student's t test or a parametric one-way analysis of variance followed by Tukey test for post hoc comparisons (Prism 5.0, GraphPad Software Inc., La Jolla, CA).
Results

PPARD Modulates
Testicular Development-To evaluate the effect of PPARD on testis development, body weight, testis weight, the diameter of seminiferous tubules, the volume density of seminiferous tubules, and the number of spermatid heads were examined. Interestingly, 46.7% of Ppard Ϫ/Ϫ male offspring (seven of 15 litters) exhibited uni-or bilateral testicular atrophy (Fig. 1A) . These results indicate that PPARD has an important role in male reproductive development. In general, Ppard ϩ/ϩ mice showed normal testicular structure (Figs. 2  and 3 ). By contrast, abnormal testicular phenotypes in Ppard Ϫ/Ϫ mice were frequently observed. For example, Sertoli cell vacuolization was often found in the seminiferous tubules of Ppard Ϫ/Ϫ mice (Fig. 1B) . Ppard Ϫ/Ϫ mice also exhibited mild to severe degeneration of spermatogenic cells in the seminiferous tubules over time, including testicular atrophy (Fig. 1C) , multinuclear giant cells (Fig. 1D) , and a marked germ cell depletion (Fig. 1E) . No significant changes in body weight were observed between Ppard ϩ/ϩ and Ppard Ϫ/Ϫ mice before puberty (Fig. 1F ). Atrophic testes were only observed in Ppard Ϫ/Ϫ mice from PND21 through PND56, and the average atrophic testis weight was gradually increased over time (Fig.  1G ). The average non-atrophic testis weight/litter in Ppard Ϫ/Ϫ mice was larger than in Ppard ϩ/ϩ mice over time (Fig. 1H ). This contributed to the increase in average non-atrophic testis/body , and these effects were more severe at the adult stage where the staging of spermatogenesis was not feasible (Fig. 3 , E-L). For example, on PND28, multinucleated germ cells (Fig. 2, F and G), abnormal meiosis ( Fig. 2H) , multilayers of preleptotene spermatocytes along the basement (Fig. 2I) , and unidentified cells (Fig. 2 , J and K) were frequently observed in Ppard Ϫ/Ϫ mouse testes. Surprisingly, abnormal elongation of spermatids was widely found throughout the various stages of spermatogenesis, showing an irregular shape of acrosomal regions in step 9 -12 spermatids, in Ppard Ϫ/Ϫ mice as compared with Ppard ϩ/ϩ mice ( Fig. 2 , J-O). In addition, step 9 -12 spermatids were present in stage II-III tubules (Fig. 2 , K and L), suggesting that spermatids are retained in the seminiferous epithelium in Ppard Ϫ/Ϫ mice as compared with Ppard ϩ/ϩ mice. The abnormal phenotype in spermatogenesis persisted and was also observed on PND56 in Ppard Ϫ/Ϫ mouse testes but not Ppard ϩ/ϩ mouse testes (Fig. 3) . The retention and abnormal elongation of spermatids remained throughout various seminiferous tubules (Fig. 3, E-L) . Discontinued or mixed stages of spermatogenesis were also observed in Ppard Ϫ/Ϫ mouse testes mouse testes illustrating spermatogonia, spermatocytes, spermatids, and Sertoli cells found during normal spermatogenesis at various stages (II-XI). E-L, representative photomicrographs of Ppard Ϫ/Ϫ mouse testes illustrating alterations in spermatogonia, spermatocytes, spermatids, and Sertoli cells found during spermatogenesis at various stages (II-XII). E, unable to determine the stage of spermatogenesis because of the abnormal phenotype. F, the white arrowhead indicates an unclear boundary of nuclei. E and G-L, yellow arrowheads indicate abnormal elongation or disorientation of spermatids from steps 9 -12. E, H, and I, orange arrowheads indicate unidentified cells. G, the green arrowhead indicates a cell undergoing abnormal meiosis. Spg, spermatogonia; PL, preleptotene spermatocyte; L, leptotene spermatocyte; Z, zygotene spermatocyte; P, pachytene spermatocyte; D, diplotene spermatocyte; Std, spermatid; SC, Sertoli cell; M, meiotic division. Magnification, 100ϫ. Scale bars, 50 m.
but not Ppard ϩ/ϩ mouse testes (Fig. 3 ). For example, step 10 -11 elongated spermatids were present with step 5-6 round spermatids, and step 16 elongated spermatids did not spermiate in Ppard Ϫ/Ϫ mouse testes, but these abnormalities were not observed in Ppard ϩ/ϩ mouse testes (Fig. 3E ). An unclear nuclear boundary (Fig. 3F) , abnormal meiotic division (Fig. 3G) , and unidentified cells (Fig. 3 , H and I) were also found in Ppard Ϫ/Ϫ mouse testes but not in Ppard ϩ/ϩ mouse testes (Fig.  3, A-D) .
On PND56, the total number of mature spermatid heads produced in Ppard Ϫ/Ϫ mice testes was higher than in Ppard ϩ/ϩ mice (Fig. 4A ). Spermatid heads of adult Ppard ϩ/ϩ mice exhibited normal morphology, but abnormal spermatid head shapes were frequently observed in adult Ppard Ϫ/Ϫ mice (Fig. 4B) , consistent with the results from the histopathological analysis described above (Figs. 2 and 3) .
PPARD Modulates Serum Hormone Concentrations Associated with Spermatogenesis-There was no difference in serum FSH concentration observed between genotypes on PND28, but there was a marked increase in serum FSH on PND56 in Ppard Ϫ/Ϫ mice compared with Ppard ϩ/ϩ mice (Fig. 5A ). In contrast, the average serum concentration of inhibin B was lower on PND28 in Ppard Ϫ/Ϫ mice compared with Ppard ϩ/ϩ mice, but there was no difference observed in serum inhibin B concentration between genotypes on PND56 (Fig. 5B) . The average basal concentration of serum testosterone in male Ppard ϩ/ϩ mice was significantly higher than in Ppard Ϫ/Ϫ mice at peripubertal age (Fig. 5C ). Consistent with the age-dependent increased concentration of serum testosterone, the average serum testosterone concentration was higher in adult Ppard ϩ/ϩ mice (Fig. 5D ). However, this average higher serum testosterone concentration was not observed in adult Ppard Ϫ/Ϫ mice (Fig. 5D) .
PPARD Maintenance of Sertoli Cell and Germ Cell Numbers Is Associated with Modulation of p27, Cyclin D1
, and Cyclin D2-The nucleus of Sertoli cells was determined by immunostaining for SOX9 (Fig. 6A) . The average number of germ cells per tubule cross-section was significantly lower in Ppard ϩ/ϩ mice compared with Ppard Ϫ/Ϫ mice (Fig. 6B ). Over time, Ppard Ϫ/Ϫ mice had more Sertoli cells per testis (Fig. 6C ) especially on PND14 and PND21.
Expression of p27 was present in Sertoli cells but not in germ cells (Fig. 7, A and B) . Expression of p27 was higher in Sertoli cells from Ppard ϩ/ϩ mice compared with Ppard Ϫ/Ϫ mice at both PND28 and PND56, suggesting that PPARD regulates the maturation of Sertoli cells (Fig. 7, C and D) .
The cell cycle regulators cyclin D1 and cyclin D2 have important roles in spermatogenesis (21) . Expression of cyclin D1 was found in spermatogonia in Ppard ϩ/ϩ mice at both PND28 and PND56 (Fig. 8, A and B) . In contrast, cyclin D1 was expressed in spermatogonia and preleptotene spermatocytes in Ppard Ϫ/Ϫ mice in particular on PND28 (Fig. 8, A and B) . Spermatogonia in atrophic tubules were observed in Ppard Ϫ/Ϫ mice and expressed high levels of cyclin D1 (Fig. 8C) . In addition, the number of germ cells that expressed cyclin D1 was lower in Ppard ϩ/ϩ mice compared with Ppard Ϫ/Ϫ mice on PND28 and PND56 (Fig. 8D) . Quantitative Western blot analysis of cyclin D1 was consistent with the changes observed with immunohistochemistry (Fig. 8E) . Expression of cyclin D2 was observed in spermatogonia, preleptotene spermatocytes, and pachytene spermatocytes in Ppard ϩ/ϩ mice (Fig. 9, A and B) . Expression of cyclin D2 was also observed in spermatogonia, preleptotene spermatocytes, and pachytene spermatocytes in Ppard Ϫ/Ϫ mice, but leptotene spermatocytes in some tubules of Ppard Ϫ/Ϫ mice also expressed cyclin D2 (Fig. 9, A and B) . Pachytene spermatocytes strongly expressed cyclin D2 in adult Ppard Ϫ/Ϫ mice compared with Ppard ϩ/ϩ mice (Fig. 9, A and B) . Quantitative Western blot analysis of cyclin D2 was consistent with the changes observed with immunohistochemistry (Fig. 9, C and D) .
PPARD Attenuates Proliferation of Sertoli Cells before Puberty-Expression of PCNA was noted primarily in the nucleus of spermatogonia, preleptotene spermatocytes, and pachytene spermatocytes in both Ppard ϩ/ϩ and Ppard Ϫ/Ϫ mice on PND21 but not in Sertoli cells (Fig. 10A) . However, Sertoli cells from Ppard Ϫ/Ϫ mice did express PCNA that co-localized with the Sertoli cell marker, SOX9, on PND7 and PND14 (Fig. 10B) , suggesting that PPARD inhibits proliferation of Sertoli cells. Thus, the effect of ligand activation of PPARD on proliferation of the Sertoli cell line TM4 (a Sertoli cell line generated from 11-13-day-old mice) was examined. Ligand activation of PPARD inhibited proliferation of TM4 cells (Fig.  10C) ,whereasaninverseagonistofPPARD,DG172,dose-dependently promoted proliferation (Fig. 10D) . Furthermore, ligand activation of PPARD by GW0742 prevented the enhanced proliferation observed with the inverse PPARD agonist DG172 in TM4 cells (Fig. 10D ). These observations demonstrate that one role for PPARD is to regulate proliferation of Sertoli cells at young age by attenuating growth.
PPARD Regulates Expression of Claudin-11 in Sertoli Cells-
The blood-testis barrier between Sertoli cells during puberty requires tight junctions that are composed in part of claudin-11 (22) . Claudin-11 expression was randomly distributed in Ppard ϩ/ϩ mouse Sertoli cells on PND14 and then was more localized along the blood-testis barrier beginning from PND21 (Fig. 11, A and B) . Although claudin-11 was also detected in Sertoli cells in Ppard Ϫ/Ϫ mice on PND14, its expression was greatly reduced on PND21 and PND28, indicating a delay in forming the blood-testis barrier (Fig. 11, A and B) . Quantitative mouse Sertoli cells on PND21 and PND28 (Fig. 11C) . The mouse Sertoli cell line TM4 was used to further examine the functional role of PPARD in claudin-11 expression. Ligand activation of PPARD induced claudin-11 expression in the cytoplasm (Figs. 12A and 14A ). Furthermore, transiently overexpressing PPARD also caused increased expression of claudin-11 in TM4 cells (Figs. 12A and 14A ). By contrast, the PPARD inverse agonist DG172 or knockdown of PPARD by siRNA significantly reduced expression of claudin-11 in TM4 cells (Figs. 12B and 14B) .
PPARD-dependent Modulation of ERK Activity Regulates Tight Junctions and Proliferation in Sertoli Cells-In Ppard
ϩ/ϩ mice, p-ERK expression in Sertoli cells increased postnatally with marked expression noted on PND28 but was diminished by PND56 (Fig. 13, A and B) . Surprisingly, in Sertoli cells of Ppard Ϫ/Ϫ mice, the expression of p-ERK was persistently higher from PND7 through PND56 (Fig. 13, A and B) . Overexpression and/or ligand activation of PPARD strongly suppressed p-ERK expression in TM4 cells (Fig. 14A) . In contrast, knockdown of PPARD showed the opposite effect as p-ERK expression was increased in TM4 cells (Fig. 14B) . The downregulation of p-ERK expression by ligand activation and/or overexpression of PPARD correlated with increased expression of claudin-11 and p27 and decreased expression of cyclin D1 and cyclin D2 (Fig. 14A) . Similarly, knockdown of PPARD correlated with decreased expression of claudin-11 and p27 and increased expression of cyclin D1 and cyclin D2 (Fig. 14B) .
To more definitively examine the role of ERK signaling in controlling tight junctions and proliferation of Sertoli cells, a specific MEK inhibitor, PD98059, was used to inhibit ERK activation in TM4 cells. Inhibition of p-ERK activity inhibited the proliferation of TM4 cells after 72 h of treatment. The PPARD inverse agonist DG172 enhanced TM4 cell proliferation (Fig.  15A ) as observed previously (Fig. 10D) . Co-treatment with PD98059 and DG172 attenuated the enhanced proliferation of TM4 cells observed in response to the PPARD inverse agonist DG172 (Fig. 15A) . Inhibition of p-ERK activity by PD98059 also significantly induced claudin-11 and p27 expression but reduced cyclin D1 and cyclin D2 expression in TM4 cells (Fig.  15B) . Inhibition of p-ERK activity by PD98059 reversed the effects on claudin-11, p27, cyclin D1, and cyclin D2 observed by treatment with the PPARD inverse agonist DG172 (Fig. 15B ). These observations indicate that PPARD-dependent regulation of ERK activity is involved in tight junctions and proliferation of Sertoli cells.
Discussion
Testicular development and spermatogenesis are highly dependent on homeostatic control. Testicular dysgenesis can be caused by impaired germ cell differentiation, hormone insufficiency, and dysfunction of Leydig and/or Sertoli cells (which both provide paracrine support) (23) . The present study revealed marked differences in the structure and morphology of testes between Ppard ϩ/ϩ and Ppard Ϫ/Ϫ mice and elucidated a cooperative role of PPARD in Sertoli cells/germ cell interactions, thus demonstrating for the first time that PPARD Normal spermatid head shape is required for male fertility as demonstrated by previous studies (24 -28) . Unexpectedly, the nuclear elongation in step 9 -12 spermatids does not progress normally in Ppard Ϫ/Ϫ mice. The retention of elongated spermatids in the seminiferous epithelium is associated with more spermatid heads in adult Ppard Ϫ/Ϫ mice. This is the first report showing a correlation between PPARD expression and spermatid morphology, and it suggests that PPARD is required for spermatid formation. Similar phenotypes were reported in retinoic acid receptor (Rar)-a and retinoid X receptor (Rxr)-b Ϫ/Ϫ mice carrying atrophic testes and abnormal spermatids (24, 29) .
Because PPARs and RARs can both form heterodimers with RXRs, receptor competition among PPARD, RXR, and RAR could influence spermatogenesis and male infertility. However, the severity of the testicular degenerative phenotype is stronger in Rara Ϫ/Ϫ and Rxrb Ϫ/Ϫ mice because these mice are sterile. Nevertheless, further evaluation of how PPARD controls the process of forming spermatid heads and the spermiation is warranted.
The number of Sertoli cells determines the number of germ cells, testis size, and daily sperm production in the seminiferous epithelium (30 -32) . The proliferation and differentiation of Sertoli cells depend on hormone regulation, especially FSH released from the anterior pituitary (33) . In the present study, the average serum FSH concentration was lower in Ppard ϩ/ϩ mice than in Ppard Ϫ/Ϫ mice, especially as adults. The mechanism by which PPARD causes this effect cannot be determined from the present study. However, mRNA encoding Ppard can be suppressed by FSH treatment in rat Sertoli cells (34) , suggesting the possibility of a positive feedback mechanism. By contrast, inhibin B regulates FSH through a negative feedback mechanism (35) . Thus, the increased serum concentration of inhibin B observed in Ppard ϩ/ϩ mice may be associated with the decrease in serum FSH observed in this genotype. Com- bined, these two possible mechanisms could explain why a higher serum concentration of FSH is found in Ppard Ϫ/Ϫ mice. In addition to FSH, Sertoli cells also require testosterone to fully establish their supportive capacity by producing essential factors for germ cell development (36) . Sertoli cells are the only cells that express androgen receptor in the seminiferous tubules (36) . Testosterone produced from Leydig cells acts on Sertoli cells to indirectly influence spermatogenesis by regulating the integrity of the blood-testis barrier and the processes of spermiogenesis and spermiation (36) . Thus, the lower serum testosterone concentration detected in Ppard Ϫ/Ϫ mice suggests that PPARD is important for modulating steroidogenesis in the testis. Moreover, the altered tight junction protein expression and the retention of spermatids in Ppard Ϫ/Ϫ mice are possibly associated with PPARD-dependent reduction of testosterone concentration. Interestingly, the negative feedback loop from testosterone dynamically regulates FSH production (37, 38) and Ppard Ϫ/Ϫ mice in the present study. Although Ppard Ϫ/Ϫ mice produce more spermatids, the malformation of spermatid heads in Ppard Ϫ/Ϫ mice possibly impairs sperm mobility and fertility and could be due to the fact that PPARD promotes terminal differentiation in many somatic cell types (39, 40) . That malformed spermatids could impact male fertility is supported by the phenotype of transition nuclear protein 1 (Tnp1)-null mice (28) . TNP1 is a spermatid-specific protein responsible for histone replacement and chromatin condensation during spermiogenesis. Although Tnp1 Ϫ/Ϫ mice produce more spermatids in the testis, the abnormal sperm shape and the lower motility of sperm in the epididymis contribute to a reduced litter size in Tnp1 Ϫ/Ϫ mice (28). Thus, altered hormone production, abnormal spermatid head shape, and spermiation failure observed in Ppard Ϫ/Ϫ mice in the present study are indicative of impaired spermatogenesis. Whether this impairment of spermatogenesis contributes to the decrease in average litter size previously observed in Ppard Ϫ/Ϫ mice cannot be determined from the present study as this could be influenced by maternal factors. These possibilities should be examined in greater detail in the future. Mature Sertoli cells stop dividing and begin to differentiate peripubertally (31) . Thus, the paracrine supportive capacity of Sertoli cells for germ cell development is determined near puberty. p27 contributes to the regulation of the maturation and proliferation of Sertoli cells (41, 42) . Sertoli cells in Ppard ϩ/ϩ mice are mature and exhibit relatively higher expression of p27 at puberty and adulthood (e.g. PND28 and PND56, respectively) as compared with Ppard Ϫ/Ϫ mice, suggesting that PPARD is required for the maturation of Sertoli cells by blocking re-entry into the cell cycle during development. Decreased expression of p27 observed in Ppard Ϫ/Ϫ mice may impair Sertoli cell differentiation and maturation, leading to a diminished ability to support spermatogenesis.
Previous studies show that p27 Ϫ/Ϫ mice have increased Sertoli cell number and daily sperm production, resulting in larger testes compared with wild-type mice (41, 43) . Similar results were observed in Ppard Ϫ/Ϫ mice in the present study compared with p27 Ϫ/Ϫ mice because lower expression of p27 was associated with increased Sertoli cell number, enhanced sperm production, and larger testes. p27 Ϫ/Ϫ mice also exhibit a mixed atrophic phenotype in testes (41) similar to the phenotype of Ppard Ϫ/Ϫ mice. The increase in non-atrophic testis weight in Ppard Ϫ/Ϫ mice is consistent with enhanced proliferation of Sertoli cells. Moreover, decreased serum testosterone concentration and increased serum FSH concentration were also detected in both adult Ppard Ϫ/Ϫ and p27 Ϫ/Ϫ mice (44, 45) . Combined, these observations suggest that PPARD-dependent regulation of p27 signaling represses the number of Sertoli cells and is required to modulate spermatogenesis. Interestingly, immature sperm in the epididymis were observed in p27 Ϫ/Ϫ mice (41) . Whether PPARD-dependent p27 signaling is critical for germ cell migration and sperm maturation in the epididymis should be examined in greater detail because significant sperm maturation and differentiation occur in the epididymis.
Sertoli cells in Ppard ϩ/ϩ mice stop replicating while approaching puberty, whereas immature Sertoli cells in pubertal Ppard Ϫ/Ϫ mice continue to proliferate. Although a Sertoli cell-specific Ppard-null mouse line would be useful to examine the role of this receptor in Sertoli cell/spermatogenesis, the use of the TM4 mouse Sertoli cell line provided an alternative approach to demonstrate the essential role of PPARD in the Sertoli cell in the regulation of proteins linked previously with proliferation and tight junctions in spermatogenesis. Functional analysis in TM4 cells confirms the role of PPARD in Sertoli cells as the data demonstrate that ligand activation of PPARD negatively regulates cell proliferation by increasing p27 and decreasing cyclin D1 and cyclin D2 expression. Similarly, overexpression of PPARD in TM4 mouse Sertoli cells resulted in the same changes in expression of these proteins. Moreover, knocking down expression of PPARD in TM4 mouse Sertoli cells mitigated these changes in expression of p27, cyclin D1, and cyclin D2. This is consistent with previous findings that ligand activation of PPARD suppresses cyclin D1 or increases p27 expression, causing inhibition of cell proliferation in cancer cells and primary keratinocytes (16, 46, 47) . Furthermore, the present studies also demonstrated that ligand activation of PPARD alters expression of cell cycle regulators by modulating ERK activation in Sertoli cells in vivo and in vitro, consistent with previous studies (16, 48 -50) . Collectively, these findings indicate that PPARD-dependent repression of ERK activity may be the key to the balance between proliferation and maturation of Sertoli cells. Moreover, the observation that p-ERK expression increases with aging and reaches the highest level at puberty followed by a marked decrease at adulthood in Ppard ϩ/ϩ mice correlates with the changes in serum FSH levels in this genotype. These effects are not found in Ppard Ϫ/Ϫ mice, indicating that PPARD is also required for these changes. This is also consistent with a previous study showing that FSH triggers ERK-dependent proliferation in neonatal Sertoli cells but inhibits ERK activation in Sertoli cells after puberty (49) .
The integrity of different cell junctions and the regulation of dynamic junction proteins are important for normal spermatogenesis, especially in controlling germ cell migration (51) (52) (53) . Interestingly, activation of ERK also functions as a mediator to suppress claudin-11 expression in response to hormone stimulation or environmental toxicant exposure (54) . Results from the present study also indicate that PPARD-dependent inhibition of ERK activity modulates claudin-11 expression, which is critical for tight junctions in Sertoli cells. Recent studies suggest that FSH/cAMP down-regulate claudin-11 mRNA levels in mouse Sertoli cells, leading to a restructuring of tight junction (55, 56) . This is consistent with the changes in serum FSH observed in the present study. Additionally, the integrity of the blood-testis barrier is responsible for the migration of preleptotene spermatocytes but also affects the ectoplasmic specialization, which controls the release of mature spermatids (57) . Several studies have demonstrated that abnormal spermiation and/or spermatid retention is associated with dynamic structures of cell junctions (58 -60) . Thus, this suggests that PPARD-dependent regulation of ERK/claudin-11/tight junctions in Sertoli cells contributes to the differentiation and elongation of spermatids. Combined, results from these studies demonstrate for the first time that PPARD regulates ERK signaling, which impacts Sertoli cell function, and germ cell development in mouse testes (Fig. 16) . 
